I1 can be used to predict the results of Lewis acid catalyzed additions of acetals and orthoesters toward vinyl ethers: The formation of 1:l addition products may only be expected, if the relevant functional group of the reactants is listed below the functional group of the potential 1:l products.
Muller-Cunradi and Pieroh discovered i n 1939 that acetals react with enol ethers i n the presence of a Lewis acid t o give 3-a1koxyacetals.l T h i s reaction, which was later suggested to proceed via carbocationic intermediates,2 has become an i m p o r t a n t m e t h o d i n organic s y n t h e~i s .~ Isler's carotine synthesis, for example, employs additions of unsaturated acetals t o ethyl vinyl ether and ethyl propenyl ethers as key steps for the construction of t h e polyene fragment. 4 Hoaglin a n d Hirsch2 have already recognized t h a t reaction 1 is n o t generally appplicable for the synthesis of (b) Effenberger, F. Angew. Chem. 1969,81,374; Angew. Chem., Int. Ed. Engl. 1969,8, 295 . (c) Povarov, L. S. Russ. Chem. Reo. (Engl. Transl.) 1:l addition products, since the adducts 3 m a y add t o the double bond of 2 i n a similar m a n n e r as 1, thus leading t o the formation of higher adducts. As t h e yield of t h e 1:l adducts 3 depends o n the relative reactivity of t h e acetals 1 a n d 3 toward vinyl ethers, several papers were addressed t o t h e relationship between structure a n d reactivity of acetal^.^ In a n excellent review, Povarov has interpreted the results of acetal and orthoester additions t o enol ethers i n terms of relative reactivities of reactants and products using t h e qualitative reactivity sequence: saturated acetals < aromatic acetals = ortho esters < a,- Vol. 53, No. 13, 1988 2921 
Reaction Products
When equimolar amounts of the compounds la-t and methyl vinyl ether 2' were treated with 0.2 equiv of BF3-OEt2 in dichloromethane at -78 "C, the 1:l products 3, sometimes accompanied by the 2:l products 4, were obtained in variable yields (Table I ). data given in Tables I1 and 1s-3s (supplementary mate- rial), are in agreement with literature reports, which mostly dealt with the corresponding ethyl acetals.2,6a Table I shows that aromatic and unsaturated aliphatic acetals, with exception of the p-nitro derivative lh, react with methyl vinyl ether 2' to give good yields of 1:l products. With saturated aliphatic acetals or methyl orthoformate, noticeable amounts of the 2:l adducts 4 were formed in addition to 3, and no adducts have been obtained with the formaldehyde acetal la and the orthoesters ls,t. These observations allow us to derive the qualitative reactivity order: formaldehyde acetals, R'C(OR)3 < aliphatic acetals von der Bruggen et al.
< HC(OR)3 C aromatic acetals = unsaturated aliphatic acetals, in accord with previous reports.3c More precise information comes from competition experiments.
Determination of Relative Reactivities
Reactivity ratios of different acetals were obtained by adding a small amount of methyl vinyl ether 2' to a mixture of two acetals or orthoesten lx and ly in the presence of 0.2 equiv of BF3.0Et2 (Scheme I). Since in all experiments a large excess of 1 over 2' was employed, the formation of the 2:l products 4 is negligible, and the competition constant K can be derived from the gas chromatographically determined yield of 3x and 3y on the basis of eq 2.7 The competition constants K , usually calculated from more than three experiments with different relative acetal concentrations, are shown in the left part of Scheme 11. The log K values are combined to give an overdetermined set of linear equations, which is subjected to a least-squares analysis to yield the krel values shown in the right part of Scheme 11. Since the reactivity scale from the least reactive acetal 3b to the most reactive compounds lq,m,o spans a range of 200000, the approximately 10% errors of the krel values are irrelevant for the discussion. It should be noted, however, that those competition constants K , which refer to reactants with AGO (ionization) C 0, depend on the amount of Lewis acid.8 Since the orthoformate lr and the acetal lq are noticeably ionized by BF3-OEt2 in CH2C12, their krel values and those of lm and lo may vary with the reaction conditions. The other krel values shown in Scheme I1 are expected to be rather insensitive toward changes of the reaction conditions. By analogy with benzhydryl cation additions, one can furthermore expect that the reactivity sequence of Scheme 11, which was determined with respect to methyl vinyl ether, will be similar with respect to other ~-nucleophiles.~
Discussion
The qualitative reactivity order, saturated acetals C aromatic acetals = ortho esters < a,@-unsaturated acetals, which was postulated by Povarov, is roughly corroborated by Scheme I1 though modifications have to be made. One can recognize that variation of the alkyl chain (lb-e) has little influence on the reactivity of acetals. The comparison of Id with 3b (reactivity ratio 12.6) gives a measure of the retarding effect of inductively withdrawing groups in the @-position, which has been recognized by Yanovskaya and K u c h e r~v .~~ When the electron-releasing ability of the para substituents in benzaldehyde acetals is increased, the equilibrium concentration of a-alkoxybenzyl cations will grow (Scheme 111), but at the same time, the reactivity of the intermediate alkoxybenzyl cations will decrease. In ac- Correlation between the rates of BF,.0Et2-catalyzed additions of para-substituted benzaldehyde dimethylacetals to methyl vinyl ether with hydrolysis rates of the corresponding diethylacetals in aqueous so1ution.lob cordance with our findings for benzhydryl systems, the former effect is more important in competition situations with catalytic amounts of Lewis acids? and Scheme I1 shows an increase of kml when the electron-releasing ability of the para substituents in benzaldehyde acetals is enhanced.
The log krel values of the substituted benzaldehyde acetals give a better correlation with u ( Figure 1 ) than with u+ values, indicating that the benzylic carbon does not have carbenium like character in the transition state. A similar behavior was reported for acid-catalyzed hydrolyses of benzaldehyde acetals,1° and comparison of the p values (-4.6) for the BF3.0Et2-catalyzed additions and -3.3 for acid-catalyzed hydrolyseslob indicates even less positive charge residing at the benzylic carbon in the transition state of acid-catalyzed hydrolyses. The close analogy of these two reaction types is obvious from the almost perfect linear free energy relationship depicted in Figure 2 .
NMR studies have shown that the orthoesters l r and Is, like the acetal lq, are ionized by BF3.0Et2 in CD2C12, whereas ions were not detectable by 'H NMR spectroscopy when the benzaldehyde acetal lg or aliphatic acetals were treated with BF3.0Eb in CD2C12. These experiments show that dialkoxycarbenium ions are better stabilized than alkoxybenzyl cations, and as a consequence of our previous considerations,8 one should expect orthoesters to be more reactive than acetals in the presence of catalytic amounts 
R r-C H-CH t-C,
Rr-CH-CHe-CH(OCH,),
of Lewis acids. Scheme I1 shows, however, that methyl orthoformate (lr) is only slightly more reactive than saturated acetals, at least 3 orders of magnitude less reactive than expected from the stability of the dialkoxycarbenium ion. Heats of formation of model compounds" have been used to estimate that the addition of methyl orthoformate (lr) to methyl vinyl ether is approximately 4-5 kJ/mol less exothermic than the corresponding acetal additions (anomeric effect). Therefore a factor of at most 15 of the reduction of the reactivity of lr can be due to the lower thermodynamic driving force. Though one might suspect that the low reactivity of lr is caused by the reversibility of the dialkoxycarbenium ion addition to the vinyl ether, a definite explanation for this effect can presently not be given.
The remarkably good correlation of the addition rate constants of benzaldehyde dimethyl acetals with the hydrolysis rates of the corresponding diethyl acetals in water OEt2-catalyzed additions (Scheme 11) and acid-catalyzed hyd r 0 1 y s e s '~~J~~ of acetals and orthoesters.
( Figure 2) prompted us to plot all krel values of Scheme I1 versus the available hydrolysis rate constants. Though in this case no linear relationship is obtained, a correlation between addition rates of aldehyde acetals and the corresponding hydrolysis rates is obvious from Figure 3 . Since orthoesters are hydrolyzed more slowly than expected from the stability of the intermediate dialkoxy-carbenium ions,13b the deviation of methyl orthoformate (lr) from the aldehyde acetal correlation line is less than expected from the discussion above. Steric effects probably account for the deviation of the ketal If and for the finding that the orthoesters ls,t react considerably more slowly than lr.
Conclusions
In previous work we have demonstrated that the results of Lewis acid catalyzed reactions of alkyl halides 5 to alkenes 6 can be predicted on the basis of solvolysis rates of model compounds.12 If steric effects are negligible and if only small equilibrium concentrations of carbenium ions are involved, the selective formation of 1:l adducts via eq 3 can only be achieved if the reactants 5 solvolyze faster than the products 7.8912 R, ' p'
von der Bruggen et al.
Since the aliphatic acetals lb-e are less reactive than the ketal If (a model for 8) , one can rationalize the failure to obtain 1:l adducts 8 from aliphatic acetals and 2-propenyl ethers (2'9, though 8 can be expected to be somewhat less reactive than If because of the inductively withdrawing @-substituent (see analogous comparison 3b/lb). The isolation of a poor yield of the 1:l adduct from lr and 2" must also be due to the retarding effect of alkoxy groups in @-position of the adduct,15b as lr is slightly less reactive than the ketal If (Scheme 11). As expected from the large reactivity difference between lg and If, benzaldehyde dimethyl acetal (lg) was found to
give a high yield of 1:l product with 2",16 and unsaturated acetals were reported to behave ~imi1arly.l~ Additions to 1-alkoxybutadienes yield products of type 10, and in agreement with the numbers in Scheme 11, only 4-methoxy-and 3,4-dimethoxybenzaldehyde acetals18 and a,@-unsaturated acetals have been reported to give 1:l products with l-alkoxybutadiene~.~~~~ As expected from
Since Figure 3 shows a correlation between addition and hydrolysis rates of aldehyde acetals, the above rule12 can be adapted to predict the outcome of eq 1: Lewis acid catalyzed additions of aldehyde acetals to alkyl vinyl ethers can only give 1:l products if the reactants 1 possess greater hydrolysis rate constants13 than the products 3. Otherwise, polymerization of the vinyl ethers will predominate.
As ketal and orthoester hydrolysis rates are not correlated with the corresponding addition rates (Figure 3 ), more general predictions can be derived from Scheme 11: Lewis acid catalyzed additions of acetals, ketals, or orthoesters to unsaturated aliphatic compounds can only give 1:l products, if the functional group of the reactants is located below the functional groups of the product in Scheme 11.
Applications
The fivefold reactivity preference of lb over 3b explains that additions of aliphatic acetals to alkyl vinyl ethers may be terminated a t the 1:l product stage, but an excess of acetal is required to obtain high yields of 1:l adducts.2 The aromatic and a,@-unsaturated acetals shown in Scheme I1 are considerably more reactive than 3b, and 1:l products with alkyl vinyl ethers are also formed in high yield when these acetals and vinyl ethers are employed in equimolar amounts.'* For the same reason, a slight excess of orthoformates over alkyl vinyl ethers is sufficient to give high yields of 1:l Based on the correlation in Figure 3 , the hydrolysis rate constants (25 "C, water/dioxane = 1:l) of formaldehyde acetal (log k = -4.38)13a and p-nitrobenzaldehyde acetal (log k = -1.76)'Oa allow us to derive addition rate constants krel (Scheme 11) of less than 0.1 (slower than 3b). The failure to obtain adducts of these acetals with methyl vinyl ether (2') is thus explained. the stabilizing effect of methyl groups, crotonaldehyde acetals give mixtures of 1:l and higher adducts, while @,@-dimethylacrolein acetals yield 1:l adducts selectively.3ef
The cited examples corroborate our conclusion that Lewis acid catalyzed additions of acetals to unsaturated ethers do not terminate at the 1:l product stage if the reactants are located higher in Scheme I1 than the products.
How can one avoid polymerisation in such cases? One possibility is to replace the alkoxyalkenes by siloxyalkenes,lg since desilylation of the then formed intermediate siloxycarbenium ions is usually faster than attack at another vinyl ether molecule. An alternative method would be to invert the reactivity scale of Scheme I1 by using stochiometric amounts of strong Lewis acids instead of catalytic amounts.s Though we are not aware of acetal additions carried out under such conditions, the applicability of this principle has recently been demonstrated for related reactions.20
Experimental Section General Procedures. IR, Shimadzu IR-435; NMR, Varian XL 200; mass spectra, VG 70-250; gas chromatograph, Shimadzu GC-SA with packed column (20% GE-SE-30), 1 = 4 m, 4 = 3 mm; preparative MPLC separations were carried out on 30 x 2.5 cm glass columns packed with Lichroprep Si 60 (15-25 pm) SiO, or RPls with the pump Gilson Model 302 and the differential refractometer Latek RI 201. Dichloromethane was distilled over P,Olo and successively refluxed over CaH,, distilled, and stored in a nitrogen atmosphere. BF3.0Et2 was distilled over CaH?' and stored in a nitrogen atmosphere. Compounds la,b,f,g,n,r,s, Table I ), 20 mL of concentrated aqueous ammonia were added, and the aqueous layer was extracted with two 20-mL portions of ether. The combined organic layers were dried with CaCl, and distilled.
Acetals and Orthoesters la-t.

Method B.
A solution of 1 (30.0 mmol) and 2' (1.74 g, 30.0 mmol) in 40 mL of CH2C12 was added dropwise within 1 h to a precooled (-78 "C) solution of BF2.0Eh in 10 mL of CH2C12. The mixture was worked up as in method A. Results are given in Table   I and physical and spectral data of the adducts 3 and 4 in Table  I1 and 1s-3s.
Competition Experiments. Two of the compounds lb-r or 3b were placed into a 100-mL flask in a nitrogen atmosphere. In order to obtain mixtures suited for GC analysis, the more reactive compound (e0.4 mmol) was combined with an excess of the less reactive compound so that the ratio of adducts was between 1 and 10. After the addition of 0.05 mmol of the standard (5 mL (21) of a 0.01 M solution of ethylbenzene or hexamethylbenzene in CH2C12), 45 mL of CH2C12 was added, and the mixture was cooled a t -78 "C. With a gas-tight Hamilton syringe, -4.5 mL (0.20 mmol) of 2' was added and the reaction was initiated by adding BF3.0Et2 (0.2 equiv based on the total amount of acetals). After 1 h the reaction was terminated by adding concentrated aqueous ammonia. The organic layer was dried with CaCl,, and the bulk of solvent was carefully evaporated in vacuo to give a residue, which was analyzed by GC (20% GE-SE-30; carrier N,, 50 mL/min). Details of the GC separations are given in Table 4S , and the competition experiments (quantities of reactants and products) are listed in Table 5s .
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